An analysis of previously-acquired experimental data is performed with the objective of investigating the relationship between strain rate and scalar dissipation rate structures in a gasphase turbulent planar jet flow. The data analyzed were simultaneously-acquired 2-D velocity and conserved scalar fields, which were obtained in a previous study by using particle image velocimetry and planar laser-induced fluorescence of acetone vapor seeded into the jet flow. The results show that the sheet-like scalar dissipation structures tend to be aligned normal to the direction of the principal compressive strain rate, in agreement with previous studies.
I. INTRODUCTION
Theoretical studies of turbulent non-premixed flames have suggested that the structure of the reaction zone is strongly coupled to the underlying strain rate field through the influence of fluctuating strain rate on the scalar dissipation rate [1, 2] . However, it is very difficult to explore the strain-rate / scalar-dissipation relationship in turbulent flames experimentally, owing to the difficulty of measuring the conserved scalar field in a reacting flow. For this reason, much of what is known about the scalar dissipation field, and its relationship to the strain rate field, has been inferred from non-reacting turbulent mixing studies [3] [4] [5] [6] [7] [8] [9] [10] or from direct numerical simulations of turbulence [11] [12] [13] . These studies show that for both Sc ≈ 1 and Sc » 1 fluids, regions of high scalar dissipation are concentrated in "sheet-like" (equivalently, "layer-like") structures (the Schmidt number is defined as Sc = ν/D, where ν is the kinematic viscosity and D the mass diffusivity). The thickness of a layer-like scalar dissipation structure is set by the competition between the thinning effect of compressive strain acting in the direction of the scalar gradient and extensive strain acting orthogonal to the scalar gradient, and the thickening effect of mass diffusion. An illustration of a strained-diffusion layer, with respect to the principal strain rate axes, is shown in Fig. 1 , where x is the compressive axis, and y and z are extensive.
In Sc » 1 turbulent flows, the diffusivity of the scalar is much smaller than the diffusivity of vorticity, and so the scalar dissipation structures are formed in the presence of a nearly uniform, although time-varying, inner-scale strain rate field [4, 7] . At Sc ≈ 1, however, the innerscale strain rate is expected to be correlated over a length scale that is of the same order of magnitude as the scalar gradient length scale, and so more complex structures are expected.
Experimental [7, 9] and DNS [11] [12] [13] results show that the largest scalar gradients tend to be aligned with the principal compressive strain rate axis, and hence the dissipation layers (or sheets) are oriented orthogonal to this same axis. Experiments have also shown that regions of high scalar dissipation are sometimes, but not always, associated with high strain rates [9, 10] . This lack of a strong correlation between strain rate and layer thickness is most likely a direct result of flow unsteadiness.
Most of the studies that have investigated unsteady effects on the scalar dissipation have done so only indirectly, because they were mainly concerned with understanding the effect of unsteadiness on laminar flame characteristics in order to assess the validity of the quasi-steadystate assumption used in some laminar-flamelet analyses. For example, Darabiha [14] argues that a flamelet spends only a finite residence time in a given region of the turbulent field, and therefore it may not be able to adjust to the local conditions and reach a steady state structure. To investigate such unsteady effects on turbulent flamelets, several investigators [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] have investigated the effect of simple time-varying strain rate fields on the characteristics of laminar flames. Typically, a harmonically varying strain field was used and it has been shown that the response of the laminar flame depends on the frequency of the imposed oscillations. Indeed, several studies have found that for low-frequency oscillations the flame responds in a quasisteady manner, but at higher frequencies the flame becomes relatively insensitive to the imposed strain rate oscillations and therefore responds only to the average strain rate [14, [16] [17] [18] [19] [20] [21] .
Furthermore, some of these studies have shown that the instantaneous unsteady laminar flame structure is a function of the time-integrated strain rate history, and so the flame characteristics are not a strong function of the instantaneous flow kinematics. It is for this reason that Im and Chen [19] suggest that for high frequency oscillations, the scalar dissipation rate is a more appropriate parameter than strain rate to characterize the unsteady flame behavior.
Welle et al. [22] and Kistler [23] made measurements of the response of a flame in an opposed flow arrangement subject to time varying fluctuations in the fuel and oxidizer velocities.
In agreement with the numerical studies, they report that at low frequencies the maximum reaction zone temperature and width were found to vary quasi steadily, whereas at high frequencies, the transient behavior was evident from the phase relationship between the imposed strain rate and the resulting temperature and the reaction zone width. At even higher frequencies, about 6-8 times the mean strain rate, the oscillations were damped almost completely.
The discussion above shows that a great deal is known about the effects of unsteadiness on strained laminar diffusion flames -and hence indirectly on the scalar dissipation rate -but because of the difficulty in making direct measurements, much less is known about how the unsteady strain rate field influences the structure of the scalar dissipation field in a turbulent flow. Furthermore, at this time it is not entirely clear how relevant results from 1-D, unsteady, laminar flows are to fully turbulent flows. The objective of the current study is to investigate the relationship between the strain rate and the scalar-dissipation structure in an actual turbulent flow, and to determine whether a simple, laminar, unsteady, strained-diffusion layer model can successfully capture the observed trends. The analysis makes use of planar velocity and conserved scalar data that were obtained in a previous study [9, 24] , and these data were used to derive relationships between the strain rate and dissipation-structures. The experimental data are compared to a 1-D, diffusion layer model with an imposed strain rate field that is uniform and time-varying.
II. EXPERIMENTAL DETAILS
The data used in this study were acquired previously by Rehm [24] , in a study of planar co-flowing turbulent jets. Simultaneous particle image velocimetry (PIV) and planar laserinduced fluorescence (PLIF) of acetone (seeded into the jet fluid) were used to obtain planar images of the instantaneous velocity and conserved scalar fields, respectively. The planar jet exit had a width, h, of 1 mm, an aspect ratio of 150, and was surrounded on each side by a slow coflow (about 0.1 m/s). Two jet Reynolds numbers were studied, and the exit conditions for these two cases (named "A" and "B") are given in Table 1 . The measurements were made at several downstream locations, and the local Reynolds numbers, Re δ , ranged from about 1000 to 6000.
The local Reynolds number is defined as Re δ =∆U c δ/ν, where ∆U c =U c -U ∞ is the centerline excess velocity, U c is the centerline velocity, U ∞ is the co-flow velocity, δ is the full-width-at-halfmaximum of the velocity profiles and ν is the kinematic viscosity of air. The conditions at each measuring station are given in Table 2. For the PLIF measurements, a nitrogen jet was seeded with acetone vapor in the amount of approximately 30% by volume. The fluorescence was excited by a frequency quadrupled Nd:YAG laser (Spectra-Physics GCR150) operating at a wavelength of 266 nm and the fluorescence was detected with a slow-scan CCD camera (Microluminetics Cryocam) with a resolution of 500×500 pixels. For the 2-D, two-component PIV measurements, both the main flow and co-flow were seeded with alumina particles with a nominal diameter of 1 µm. The particle images were captured by using a frame-straddling CCD camera with a resolution of 1k×1k (Kodak ES1.0), and the light source was a dual-cavity Nd:YAG laser (Spectra-Physics PIV-400). The field of view for both the PIV and PLIF images was 33mm × 33mm. Further details of the diagnostic techniques and equipment are discussed in Refs. 9 and 24. For each of the conditions shown in Table 2 , approximately 100 PIV/PLIF image pairs were acquired.
III. RESOLUTION AND DATA-ANALYSIS PROCEDURES
The PIV data were processed by using a hybrid PIV/PTV (particle tracking velocimetry) technique that enables higher resolution to be obtained than for conventional PIV [25] . The technique involves using conventional cross-correlation PIV for a predictor step followed by local cross-correlations of individual particles to obtain particle-pair displacements. The particle tracking technique ideally yields one velocity vector for each particle pair detected in the PIV images. The vectors obtained from the hybrid PIV/PTV are irregularly spaced and so they are interpolated onto a regular grid. The resulting spatial resolution for the PIV/PTV measurements is about 250 µm.
The raw PLIF images were first post-processed to correct for non-uniform laser sheet illumination and background reflections/scattering, and then filtered to reduce the effects of shot noise. The resolution of the PLIF imaging system, based on the size of a pixel in the flow field, is approximately 70 µm; however measurements of a standard bar-pattern resolution target show that the blurring by the camera-lens reduced the resolution to about 250 µm. The filtering of the PLIF images was accomplished by using an anisotropic diffusion filter [26] , which was chosen for its ability to reduce the noise in the image without significantly blurring the thin dissipation layers. The effect of the filtering algorithm on the scalar dissipation structures was tested by applying it to simulated scalar fields. Simulated scalar images with error-function intensity profiles were constructed and then corrupted with both additive and multiplicative noise (both types of noise had a variance of 0.03 and a mean of zero). The scale of the simulated scalar dissipation structure was about the same as the smallest structures that were observed in the experimental data. The filtering of the scalar image resulted in a significant reduction in the noise, but also a slight increase in the layer thickness. The maximum increase in layer thickness over the range of interest in this study was found to be <10%. It was concluded, therefore, that the filtering did not significantly affect the measured layer thicknesses. From these simulation studies, the effective resolution after processing is estimated to be 300 µm.
The resolution should be compared to the finest scales that are of interest. The finest length scale over which significant velocity gradients occur is the Kolmogorov scale [27] ( )
where ε is the mean rate of kinetic energy dissipation. The kinetic energy dissipation rate can be related to outer-scale variables per the relation, l u rms / 3 = ε , where u rms is the root-mean-square velocity and l is the integral length scale. Furthermore, the Batchelor scale [28] , which is the finest scale over which scalar gradients occur, is defined as
In the current study, for acetone-air we have Sc ≈ 1.4, and therefore λ B is about 20% smaller than η. The Batchelor scale is usually interpreted as a limiting scale across which variations in scalar dissipation are small; however, a scalar dissipation "structure" exhibits substantial variation in dissipation across it and so this length scale is not the same as the Batchelor scale. The mean thickness of the dissipation structures, which is several times larger than the Batchelor scale [4, 8, 10] , has been termed the "strain-limited diffusion scale" [4] , λ D , which is given in terms of outer-scale variables per the relationship
where Λ is a constant, δ 5% is the local full width at 5% of the maximum of the velocity profile, and Re δ 5% is based on the same length scale. From studies of co-flowing jets, Buch and Dahm
[4] measured Λ to be 11.2, Su and Clemens [8] report a planar-jet value of 14.9, and Tsurikov [10] , who made highly resolved measurements of the scalar field in round jets, reports a value ranging from Λ = 7-10.5 depending on the Reynolds number. Tsurikov notes that Λ is Reynolds number dependent and may be flow geometry dependent as well. For the current study we use the more conservative value of Λ = 7 to compute the values of λ D . Table 3 lists the values of η, λ B and λ D computed for the current conditions. With the nominal spatial resolution of 250 µm and 300 µm for the velocity and scalar measurements, respectively, at worst the Kolmogorov and Batchelor scales are under-resolved by a factor of about 2.5. Previous studies have investigated the effect of finite probe resolution on velocity and scalar derivatives [29, 30] , and from these we can estimate that the current relative resolution will lead to errors in the strain rate and scalar dissipation of about 20% and 25%, respectively. Although this worst-case error is not negligible, it is not of the magnitude that would alter the basic findings and conclusions of the current work.
It is also clear that λ D is well-resolved and so the geometrical features of the scalar dissipation structures, such as layer thickness, will be accurately represented.
We are interested in investigating how the principal compressive strain rate relates to the scalar dissipation structures. In general, the strain rate tensor, S ij =(1/2)(∂u i /∂x j +∂u j /∂x i ), requires 3-D velocity data to compute all of its nine components (of which 6 are independent). However, since our PIV data provide only 2-D velocity information, only the four components in the plane of the laser sheet can be computed (of which three are independent). The 2-D information is sufficient to calculate the correct in-plane principal strain rate if we restrict the analysis to only those regions where the flow is locally 2-D or where the z-axis (the axis orthogonal to the laser sheet) is already a principal axis. Given that the flow is turbulent, the former condition is highly unlikely. It can be argued, however, that if only thin, high-scalar-dissipation layers are considered, then it is likely that the laser sheet was oriented approximately orthogonal to the dissipation layer [9, 24] , because a layer that was oriented at an oblique angle with respect to the laser sheet would appear thicker and exhibit lower dissipation (because the in-plane gradients would be smaller). Under the assumption that the thin, high-dissipation layers are oriented approximately normal to the laser sheet, the out-of-plane shear components of the strain rate tensor will be small, and the in-plane velocity data will be sufficient to compute the correct inplane principal strain rates. The validity of this assumption is discussed further when we consider the measured alignment between the scalar dissipation layers and the 2D principal compressive strain rate.
In view of the above discussion, only layers with high dissipation rates were considered for the current analysis. Dissipation data from all the images corresponding to a particular case were combined and only dissipation layers associated with dissipation rates higher than a certain threshold value were used in the analysis. Typically this threshold value was set to 95% of the peak scalar dissipation at that condition. This threshold was then used to binarize the dissipation field for all the images in that particular data set. It was recognized that very thin (<5 pixels) structures are likely caused by noise in the PLIF data, and hence such structures were removed from the binarized dissipation image. The resulting image was then processed using morphological algorithms to identify the layer centerline. Profiles were then extracted along a line orthogonal to the layer. The data extracted included the scalar concentration, scalar dissipation and the principal strain rate. The layers were then validated by requiring them to be "isolated," which was defined as those for which the dissipation falls, on either side, to 20% of the maximum dissipation across the layer before increasing again [4] . To assess the influence of the threshold value on the results, two different thresholds, 90% and 95% were used. The mean layer thickness varied by less than 5% between the two cases. Since the use of the threshold is to conditionally sample the data, the results are expected to be sensitive to the threshold value to some extent, but this exercise shows they are not exceptionally sensitive to it.
IV. STRAINED LAMINAR DIFFUSION LAYER THEORY
In Sec. V, the simultaneous velocity-scalar field data will be used to investigate the relationship between the local strain rate and scalar dissipation structures. These data will be compared to results from an unsteady strained laminar diffusion-layer model, which will be developed below.
A. Steady Strain Rate
Assuming density and viscosity are constant, the conserved scalar concentration field,
, evolves according to the conserved-scalar transport equation
where x v is the spatial coordinate vector and u r is the velocity vector.
In the case of uniform plane strain, where the x-axis is compressive, the principal strain rate tensor takes on the simplified form, (S yy , S xx ) = S (1, −1). The conserved scalar concentration along the compressive strain rate axis satisfies the 1-D unsteady scalar transport
If the strain rate field is assumed to be steady and the end-state values of ζ are constant, then Eq. (5) has the steady-state solution
where ζ+ and ζ-are the scalar values at x = +∞ and x = -∞, respectively, and λ is a characteristic thickness of the scalar profile, and is given by
If the scalar concentration has an error-function profile then the scalar dissipation profile,
, will be Gaussian. The steady state scalar concentration and dissipation profiles are shown in 
B. UNSTEADY STRAIN RATE
Carrier et al. [15] and Cuenot et al. [21] show that that when the strain rate is unsteady, the scalar profile still follows an error function, but the characteristic width λ is time dependent and depends on total (i.e., time-integrated) strain imposed on the layer. Furthermore, the steady strain-rate relationship given by Eq. (4) is valid in unsteady flow provided an "equivalent" strain rate is used. Here we present the solution in the form derived in Ref. 15
where t′ and t″ are dummy variables, and λ 0 is the characteristic thickness at the initial strain rate
).
Diffusion Layer Response Time
Consider the situation where the strained diffusion layer encounters a step change in strain rate. In this case Eq. (9) simplifies to ) 1 ( ) ( where S is the new value of the strain rate and λ ss is the steady state thickness (given by Eq. 7 with strain rate S). This equation shows that the response time for the dissipation layer to achieve its new steady state thickness is τ resp = 1/(2S). The response of the layer to a step change in strain rate is shown in Fig. 3 
Sinusoidal Strain Rate
Now consider a 1-D diffusion layer that encounters a periodic variation of the strain rate field of the form
where S(t) is the instantaneous strain rate, S is the mean strain rate, S ∆ is the amplitude of the strain rate fluctuation, and f is the frequency of oscillation (in cycles/second). For simplicity, the assumption that the strain rate field is spatially uniform is retained. The following nondimensional parameters are defined: F = f / S is the non-dimensional frequency of oscillation (analogous to the Strouhal number); A = S ∆ / S is the amplitude of oscillation in terms of the mean strain rate; * t = f t is the non-dimensional time. is allowed to be larger than unity, which implies that the strain rate acting in the x-direction is extensive over part of the cycle. When the strain rate acting normal to the diffusion layer is extensive, a balance between strain rate and diffusion is never reached, i.e., there is no steady state solution and the layer thickens as long as the extensive strain is applied. Figure 4b shows that as F increases, the amplitude of the layer thickness variations decreases and there is an increasing phase lag in the thickness waveforms with respect to the strain rate. These observations are similar to those made in previous studies of unsteady laminar flames, for such flame characteristics as the peak flame temperature [14, [20] [21] . The case of F=0 represents the quasi-steady condition, and as expected the layer thickness waveform is 180 degrees out of phase with respect to the strain rate, i.e., the thickness is smallest when the strain rate is largest, and vice-versa. Note, however, that even for this quasi-steady case, the layer thickness waveform is not symmetric about the mean, because it exhibits a different shape depending on whether the strain rate is greater than or less than the mean strain rate. This effect is apparent for strain rate waveforms that exhibit large amplitude variations and is a result of the fact that λ scales as S
under quasi-steady-state conditions. Figure 5a shows the relative importance of unsteadiness on the layer thickness as a function of the non-dimensional frequency, F, and the non-dimensional amplitude, A. The vertical axis in this figure is ∆λ/∆λ quasi , which is the ratio of layer thickness amplitude to that obtained from the quasi-steady solution evaluated using the instantaneous strain rate. The layer thickness amplitude is defined as half the difference between the minimum and maximum layer thicknesses during a cycle. A value of unity indicates that the layer thickness behavior is identical to that resulting from a steady strain rate field, whereas lower values indicate that the steady theory over predicts the layer-thickness amplitude variations. Only values of A < 1 are considered because the quasi-steady layer thickness is not defined when the strain rate normal to the layer is extensive. Figure 5a shows that for low frequencies (low F) and low amplitudes of oscillation (low A), the unsteady layer thickness amplitude is close to the quasi-steady-state value. The first evidence of unsteady effects is seen when both the frequency and amplitude of oscillation are of the same order of magnitude as the mean strain rate (i.e., F=1 and A=1), consistent with the observations of unsteady laminar flame characteristics, such as flame temperature [14, 18, 20, 22] . Figure 5b shows the effect of unsteadiness on λ λ ∆ , which is the maximum peak-to-peak variation in the amplitude of the thickness waveform normalized by the mean thickness. The figure shows that larger amplitude strain rates result in a larger variation in the layer thickness, but the layer thickness amplitude drops significantly for F > 1. In other words, the layer does not respond to changes in the strain rate field that occur at frequencies much higher than the mean strain rate. Furthermore, at a given frequency, as the amplitude of the imposed strain rate increases, the variations in the layer thickness are seen to be greatly diminished.
V. EXPERIMENTAL RESULTS
The data corresponding to the five Reynolds numbers shown in Table 2 were analyzed.
Typically, about 500 layers were identified for each data set. by Tsurikov [10] . Note, however, that in the present case only the highest dissipation layers were analyzed and so the comparison with these previous studies should be made with caution. Figure   6 shows sample imaging data for condition 3 (Re δ = 4200). Figure 6a shows the validated vector field obtained from conventional PIV processing with a 32 × 32 pixel window and no interrogation-window overlap. Figure 6b shows the vector field obtained from the particle tracking algorithm for the region in Fig. 6a marked by the blue rectangle. This figure shows how the resolution is significantly improved by the PTV technique. Note, however, that since the PTV technique gives vectors only at locations where there are particle pairs, the vector field has been interpolated onto a uniform grid (the total number of vectors before and after interpolation is approximately the same). Figure 6c shows a contour plot of the 2-D principal compressive strain rate normalized by the outer scale strain rate. Figure 6d shows a contour plot of the 2-D principal compressive strain rate vectors, where the orientation of the lines is the same as the local principal compressive strain rate axis, and their length is proportional to the magnitude of the strain rate. Figure 6e shows the post-processed PLIF image, and the corresponding scalar dissipation rate field is shown in Figure 6f (computed as χ=∇ζ⋅∇ζ using an eight point finite difference [3] with second order accuracy). Figure 6f shows the expected sheet-like dissipation layers that have been observed in previous gas-phase mixing studies [4, 6, 8] . The lower-left dissipation structure is seen to be correlated with a corresponding region of high compressive strain rate; however, in general, regions of high dissipation and high strain rate are not strongly correlated, which is consistent with previous studies that have found high strain rate to be correlated with high dissipation but not exclusively so [9, 10] . A comparison of Fig. 6c and 6f shows that the size of the strain rate structures tends to be larger than the scalar dissipation structures, an observation that is consistent with what is expected for a fluid with Sc=1.4. Figure   6d shows that the high dissipation layers tend to align normal to the principal strain rate directions, a result that is dealt with later quantitatively. Reynolds numbers. Figure 7 shows that the dissipation layers appear to exhibit a Gaussian shape, but the strain rate profiles are more complex and do not exhibit any characteristic shapes. It is also found that overlap of the peak values in the strain rate and dissipation profiles is not very common. In most of the cases, the strain rate reaches a maximum along the layer at a point different from the point where the dissipation reaches a peak, and the strain rate structures and dissipation structures do not necessarily coincide.
The orientation of the dissipation layers with respect to the axis of the principal compressive strain rates was quantified by computing statistics on the angle θ, which is defined as the angle between the dissipation layer normal and the principal compressive strain rate axis.
The angle θ is illustrated in Fig. 8a and the resulting PDF of θ is shown in Fig. 8b . The most likely value of θ is zero degrees which means that the layers tend to align normal to the direction of the 2-D principal compressive strain rate axis, as was seen visually in Fig. 6d . Such preferential alignment of the layers with respect to the principal strain rate axes has been observed in direct numerical simulations of turbulence [11] [12] [13] and 3-D scalar-velocity measurements [7] , and provides strong evidence of the validity of the assumption that structures of high scalar dissipation are aligned approximately orthogonal to the plane of the laser sheet.
A main objective of this work is to compare the strain-rate / scalar-dissipation relationship in a turbulent flow to that predicted by the strained laminar diffusion layer model.
The model assumes uniform strain rate across the layers, but Fig. 7 shows that there is a significant variation of strain rate across the dissipation layers in the actual turbulent flow.
Hence, the mean strain rate across the dissipation layers was used, where the mean was defined as the average strain rate across the 20% dissipation points of the layer. A probability density function of the minimum 2-D principal strain rate associated with the detected dissipation layers is shown in Fig. 9 . The minimum strain rate, which has been normalized by
, is the smaller of the two 2-D principal strain rates, whether compressive or extensive. In the case that the minimum strain rate is positive, this means that both in-plane principal strain rates are extensive and therefore the out-of-plane strain rate must be compressive. It is obvious that in this case the assumed orientation of the sheet-forming strain rate field is not valid, and therefore the computed principal strain rates are not likely to be the correct principal strain rates. However, the majority of the time (about 75%), the layers are acted upon by a strain field with a compressive axis that is approximately normal to the layer (Fig. 8b) . (12) Figure 9 shows that for the higher Reynolds number cases, the highest magnitude compressive strain rates acting on the detected layers is about factor of 0.1 to 0.2 times
, which is in good agreement with Eq. 12. It is the peak strain rates that are associated with the kinetic energy dissipation and Fig. 9 shows that most of the time the scalar dissipation layers are acted upon by significantly lower strain rates. For example, the most probable strain rates are about 0.03
. This observation that the layers tend to experience lower-than-peak strain rates is expected owing to the highly intermittent nature of the strain rate fluctuations. The scatter plot shows a general "foot"-shape trend, where α is larger at low strain rates and smaller at high strain rates. This indicates that the measured layers rarely follow the onedimensional steady theory, a trend that is essentially similar for all of the Reynolds numbers considered. For the lower valued strain rates, α tends to be greater than 0.4, which means the measured layers tend to be thinner than the steady state value; on the other hand, for higher strain rates, α < 0.4, which indicates the layers tend to be thicker than the steady state value.
Furthermore, the data from the three highest Reynolds number cases exhibit strong similarities in that they cover nearly the same range of the domain. The exception to this is the Re δ =1000 case, whose points tend to lie only along the lower edge of the "foot," and indicate the structures are smaller relative to the imposed strain rate, as compared to the higher Reynolds number cases.
This difference is probably due to the transitional nature of the low Reynolds number case.
It is worth emphasizing that although the layer-thickness results do not match the expected steady state values, the alignment of the layers with respect to the principal strain rate direction is close to steady state expectations. The reason for this is that the two effects occur at different time scales. The layer thickness is governed both by advection (strain) and the relatively slow process of diffusion, whereas the orientation of the layer is limited by advection only. This explains why Fig. 8 shows preferential alignment of the layers, whereas Fig. 10 shows that the layer thicknesses are not at their steady state values. A related observation has also been made by Egolfopolous and Campbell [20] with respect to a laminar counterflowing flame subject to harmonically varying fuel and oxidizer mass flow rates. According to this study, disturbances in the external flow field propagate instantaneously to the edge of the reaction zone resulting in an immediate effect on the reaction zone orientation; however, oscillations in reactant concentrations and temperatures at the outer edge of the preflame diffusion zones are attenuated by diffusion, so they are associated with a lower response time.
The results above show that in unity Schmidt number turbulent flows it is not possible to predict dissipation layer thicknesses correctly by modeling the dissipation field as simply an ensemble of 1-D quasi-steady strained laminar diffusion layers. However, it is possible that other factors may also contribute to the results shown in Fig. 10 , such as: (i) limitations due to the 2-D nature of data, (ii) effects of the non-uniform strain rate over the dissipation layer and (iii) insufficient spatial resolution of the measurement. Limitations due to 2-D data would mean that the computed principal strain rates would be in error in regions where the measurement plane is not orthogonal to the layer. By selecting only high dissipation layers, we expect to minimize this effect, and the observation that the detected layers are aligned with the 2-D principal strain rate is strong evidence that the assumption of layer orthogonality to the laser-sheet is valid.
Nevertheless, three-dimensionality cannot be ruled out as a cause for the observed trend.
The strain rate and scalar dissipation profiles in Fig. 6 show that the strain rate is not uniform across the layers, however to compute α we assumed constant strain rate across the layers. To assess the potential error in doing this, we investigated the effect of non-uniform strain rate by numerically solving the 1-D steady scalar transport equation, in which the strain rate was assumed to have a Gaussian profile across the layer. We concluded that in cases where the width of the strain rate profile was at least as large as the scalar dissipation layer, then the non-uniform strain rate had little effect on the structure of the dissipation layer, provided the mean strain rate over the layer was the same.
Still another question is whether we are measuring relatively thick dissipation layers because the compressive strain rate is not aligned orthogonal to the layer. If this were the case, the strain rate used should be the component of strain rate that is orthogonal to the layer.
However, Fig. 8 indicates that most of the layers are aligned nearly normal to the strain rate directions. This means that using the component of strain rate orthogonal to the layer will not have a significant effect on the results shown in Fig. 10 .
Although as stated in Sec. III, the data are slightly under-resolved, the errors in strain rate that are expected could not account for the large variations in the value of α seen in Fig. 10 . For example, if the measured strain rates are too small then this would cause α to be over-estimated, but this is clearly not the case for the bulk of the data points in Fig. 10 . Although it could be argued that the reason the data points lie below the steady-state value is because λ D is underresolved, this is less likely because λ D is fairly well resolved. Furthermore, if resolution were the issue, then we would expect better agreement at the lower Reynolds numbers where the dissipation length scales are larger; however, no clear differences in the data were observed at the different Reynolds numbers. It appears then, that resolution effects alone cannot fully explain the trend seen in Fig. 10 .
It seems likely that the dominant effect seen in Fig. 10(a) is that of the finite response time of the dissipation layers to changes in the local strain rate. To investigate this effect further and to test whether the unsteady strained laminar diffusion layer theory is relevant to Sc ≈ 1 turbulent flow, the measured layer thicknesses were compared to the layer thicknesses computed from laminar theory with a harmonically-varying strain rate field. The parameter α was computed using the instantaneous value of the strain rate and the computed layer thickness for different nondimensional amplitudes and frequencies. The results from the model are shown as the lines (solid and dashed) in Fig. 10a , and represent values of α versus normalized strain rate for values of F and A ranging from 1 to 3. Figure 10(a) shows that the simple model captures the range of measured layer thicknesses well. Furthermore, the model results shown in Fig. 10(a) indicate that α is a double-valued function of the strain rate. This is readily seen from Fig. 4 as resulting from the phase shift of the thickness waveform with respect to the strain rate waveform;
i.e., the thickness is different depending on whether the strain rate is increasing or decreasing at that instant. Both the model and the experimental data suggest that α is larger than the steadystate value for low values of strain rate and vice-versa.
To estimate the range of parameters F and A that would be expected in the current turbulent jet flows, we use classical turbulence theory, which suggests the highest frequency fluctuations will be the same order of magnitude as the inner-scale strain rate [27] , and therefore the highest non-dimensional frequencies present in the flow should be of order S S is . From Fig.   9 we can determine that the mean strain rate acting on the layers is approximately 1/3S is , which implies that F max ≈ 3. Note that in this analysis the mean strain rate is a conditional value, because it is the mean of the strain rates that act on the detected layers, rather than an unconditional mean measured at a given point in the flow. The unconditional mean strain rate is not the relevant mean strain rate that acts on scalar dissipation layers because the scalar gradients rotate to align with the direction of the compressive strain rate and so they will tend to experience a higher magnitude mean strain rate than the local mean (which will be at most ∆U/δ). It can further be argued that the amplitude of the strain rate fluctuations will also scale as the inner scale strain rate, which suggests that the range of A expected in the flow will also be of
, which is about 3 in the present flows. This discussion suggests that both F and A should range up to about 3 for the Reynolds numbers considered in the present study.
Note that from Eq. 11 it is seen that for an amplitude parameter of A, the range of the normalized strain rate will be 1±A.
When A is larger than unity this implies that the amplitude of the strain rate waveform must change sign over part of the cycle, and therefore will be extensive over part of the cycle.
The effect of extensive strain rate in the direction of the scalar gradient is to thicken the layer as long as the extensive strain persists. Note also that there is no steady state solution for the case of extensive strain rate because both the strain rate and diffusion act to thicken the dissipation layer.
An interesting question, therefore, is whether a dissipation layer is acted on by extensive strain rate normal to the scalar gradient over a significant fraction of its lifetime? It could be argued that since the scalar gradients rapidly rotate to align with the principal compressive strain rate axis, the dissipation layers should not experience significant extensive strain over their lifetimes.
This possibility was explored by restricting the strain rate forcing function S(t) to positive values only. In other words, when the strain rate normal to the layer becomes extensive, it is set to zero, in which case the layer grows by diffusion only. In this case the strain rate forcing function is a "clipped" sinusoid whose values do not go below zero. The results of this computation are shown in Fig. 10(b) . It is interesting to see that in this case the model is not able to encompass all of the measured points as did the case when extensive strain rate normal to the layer was allowed (Fig.   10a ). When no extensive strain rate is allowed, the model cannot capture the small values of α that are present in the actual turbulent flow, or in other words, the simulated layers are too thin.
This suggests that the dissipation structures in an actual turbulent flow do indeed experience extensive strain rate normal to the layer over a significant portion of their lifetimes.
Clearly, the unsteady strained laminar diffusion layer model qualitatively captures the trends observed in the experimental data. Furthermore, the scatter in the experimental data suggests that the ensemble of scalar dissipation layers is acted upon by strain rates that encompass a wide-range of frequencies and amplitudes. A more quantitative prediction of the layer thickness behavior should be possible by extending the analysis to include strain rates which have more complex variations, for example, by including a superposition of different frequencies and amplitudes. Such an analysis would require knowledge of the magnitude and range of frequencies and amplitudes of the fluctuations present in the flowfield.
VI. CONCLUSIONS
Simultaneous PIV/PTV and acetone-PLIF data were used to perform a study of the relationship between scalar dissipation structures and the strain rate field in near-unity Schmidt number turbulent planar jet flows. A critical assumption in the analysis of the data is that high scalar dissipation sheet-like structures are oriented approximately normal to the plane of the laser sheet. Under this assumption, the correct in-plane principal strain rates can be computed with the 2-D velocity data. The data show that the scalar dissipation layers tend to be oriented approximately orthogonal to the direction of the inferred 2-D principal compressive strain rate, which provides strong evidence that this basic assumption is essentially correct. The profiles through the scalar dissipation structures show that the dissipation usually exhibits a Gaussian profile, whereas the strain rate profiles do not exhibit any characteristic shapes. Furthermore, the strain rate profiles did not tend to reach a peak at the same location as the scalar dissipation profiles.
It was further shown that the measured scalar dissipation layer thicknesses do not follow the theoretical scaling based on uniform, quasi-steady strain. For high strain rates, the measured layers tend to be larger than predicted by quasi-steady theory, whereas at low strain rates, the layers tend to be smaller than predicted by quasi-steady theory. This result shows, in agreement with previous studies of unsteady laminar flame structure, it is not possible to model the scalar dissipation layers in a turbulent flow as an ensemble of 1-D quasi-steady, strained laminar diffusion layers. However, an unsteady 1-D strained laminar diffusion layer model with an imposed harmonic strain rate field was compared to the experimental results with much more success. This model showed that the full range of the experimental data could be captured provided the range of frequencies and amplitudes of the imposed strain rate field, which were consistent with classical turbulence theory, were used. For example, all of the experimental data could be encompassed by the theory only if the imposed strain rate in the model was allowed to have large enough amplitude that it changed sign over part of the cycle. This indicates that in the actual turbulent flow, the scalar dissipation layers exhibit strain rates normal to them that are at times compressive and extensive. This result is not obvious because it is known that the layers tend to rotate to align orthogonal to the most compressive strain rate. In summary, it is clearly demonstrated in this work that instantaneous, but randomly-sampled measurements of the strain rate field, are not sufficient to predict the instantaneous scalar dissipation structure; however, the scalar dissipation layers do appear to behave as 1-D laminar structures that are a result of the complex time-history of the strain rate that is imposed on them. Figure 3: Dissipation layer thickness response to a step change in strain rate. In this example, the initial strain rate is 100 s -1 and it is instantaneously changed to 400 s -1 (low-tohigh strain rate) or 25 s -1 (high-to-low strain rate). . Probability density function of the strain rate acting normal to the detected scalar dissipation layers for four different Reynolds numbers. The strain rate is usually negative, which implies that it is usually compressive. Figure 10 . Measured values of α versus the absolute value of the strain rate (normalized by the mean strain rate for all layers analyzed for that particular Reynolds number). Also shown are the results from the unsteady laminar dissipation layer model including: (a) imposed strain rates normal to the layer that are both compressive and extensive, and (b) imposed strain rates normal to the layer that are compressive only. 
